INTRODUCTION
The anticoagulant heparin is a polydisperse polysaccharide that is widely used therapeutically for the prevention of thrombo-embolic disorders. Heparin is a copolymer of uranic acid (glucuronic acid or iduronic acid) and glucosamine, either N-acetylated or N-sulphated. It is highly substituted with O-sulfate residues at the 6-positions of the glucosamine residues and at the 2-positions of the iduronic acid residues [l-3] .
It has been shown that a relationship between the molecular mass and the biological activity of heparin [4] exists. Therefore, the characterization of heparin samples by the determination of the average molecular masses and molecular mass distributions of heparin samples is very important. One of the techniques suitable to provide this information is size-exclusion chro-* Corresponding author. matography (SEC) [5-lo] . However, a disadvantage of this technique is the lack of well defined heparin standards with narrow molecular mass distributions. In some reports the use of these standards was mentioned to determine the average molecular mass [number-average (M,) or mass average (M,)] and the molecular mass distribution of heparin samples [5,7-lo] . However, these heparin standards are not yet commercially available.
A possible solution to overcome this general problem is the use of standards not similar to heparin, e.g., polystyrene sulphonates [6] . These standards can be used to obtain an estimate of the average molecular mass (M, or M,) and the molecular mass distribution of biopolymer samples such as heparins. A problem may occur when an accurate determination of the average molecular mass or the molecular mass distribution of the biopolymer sample must be made. SEC is based on differences in molecular sizes [lo] , and not on differences in molecular masses. It is well known that different types of polymers 0021-9673/93/$06.00 0 1993 Elsevier Science Publishers B.V. All rights reserved of the same molecular mass, may have different conformational structures and consequentially show different molecular sizes. Also, these conformational structures may depend on a number of experimental conditions. Therefore, the calibration of the SEC analysis of biopolymers such as heparins with non-identical standards may lead to erroneous results.
An improvement can be achieved by the use of calibration standards belonging to the same chemical group as the sample substances. For example, from a physico-chemical point of view, commercially available polysaccharides are relative similar to heparin molecules. However, the charged groups on the heparin molecules may influence considerably the hydrodynamic volume of these molecules. This is mainly caused by the mutual electrostatic repulsion of the negatively charged groups on the heparin molecules. Therefore, the hydrodynamic volume of polyelectrolytes can be influenced by the experimental conditions. The effect of ionic strength and pH on the conformation of polyelectrolytes in SEC has already been studied [ll-141.
However, polystyrene sulphonates [12-141 and proteins [ll] were used.
In this study, an attempt was made to reduce the difference in hydrodynamic volume between a number of standard polysaccharide molecules and the studied heparin molecules by manipulating a number of experimental conditions. Three experimental parameters, ionic strength, pH and temperature of the eluent, were investigated. The influence of the investigated parameters on the retention volume was studied by applying chemometric techniques. Finally, with these data the molecular mass distribution of the studied heparin samples was calculated.
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The heparin samples and heparin standards used were a kind gift from Professor Dr. H.C. Hemker of the Department of Biochemistry, University of Limburg, (Maastricht, Netherlands). Two different heparin samples were used, Fraxiparine (Sanofi, Maassluis, Netherlands) with an average molecular mass of 5090 g/mol [15] , and Calparine (Sanofi) with an unknown average molecular mass. The heparin standards, with mass-average molecular masses of 3000, 4200, 6000, 9200 and 11200 g/mol, were prepared by fractionation of a low-molecular-mass heparin (enoxaparin) by gel permeation chromatography [16] . The polysaccharide standards of M, 5800, 12 200, 23 700, 48 000 and 100000 g/mol were obtained from Polymer Labs. Sodium dihydrogenphosphate and sodium chloride were purchased from Merck (Darmstadt, Germany). Water was demineralized with a Mini-Q water-purification system (Waters Millipore). The eluents were filtrated over a 0.45-km membrane filter and degassed with helium prior to use.
In all analyses, the concentration of the samples and the injection volume were kept constant .
RESULTS AND DISCUSSION
In the linear range of a specific size-exclusion column, the retention volume V, is a parameter for the molecular size of a compound. Therefore, in this work the influence of the ionic strength, pH and temperature of the eluent on the retention volume of heparins and polysaccharides was investigated.
Heparin model
First the influence of the experimental parameters on the retention volume of both Fraxiparine and the heparin standard with an average molecular mass of 9200 g/m01 was investigated. Then the remaining heparin standards were used to validate the method. A central composite design was used to determine these influences more rapidly. The design is shown in Table I . All levels were measured twice, except for the centre point, which was measured ten times. The pure experimental error could be calculated from the measurements in the centre point. The influences of the investigated parameters were calculated from the results of the experiments under different conditions. For Fraxiparine (M, = 5090, with a peak maximum at molecular mass 4500 g/mol [El), the equation describing the dependence of the retention volume of this heparin on these parameters is 
The results of the GOF and LOF tests are given in Tables II and III . To obtain a more detailed insight into the calculated models, the influence tance in the investigated pH and temperature ranges.
Polysaccharide model
The influence of the ionic strength, pH and temperature of the eluent on the retention volume of five polysaccharide standards of M, = 5800, 12 200, 23 700, 48 000 and 1OOooO g/m01 was also investigated. A 33 factorial design was used, which indicates that three factors were measured at three different levels. The factorial 12 -^ E.
-. design is given in Table IV . All levels were measured twice, except the centre point (35°C pH 5.5, ionic strength=O.l), which was measured ten times. The pure experimental error could be calculated from the measurements in the centre point.
From the experimental results, the influences of the three parameters on the retention volume of the polysaccharide standards could be calculated. In the investigated experimental framework, no significant influence of the ionic strength, pH and temperature of the eluent on the retention volume of the polysaccharide standards with average molecular masses of 12200, 23 700 and 100 000 g/mol was observed.
The results from the calculations of the influence of the three parameters under study on the retention volume of the polysaccharide standard with an average molecular mass of 5800 g/mol can be expressed as V, = 12.192 + 0.00154 log Z
From the results for the polysaccharide standard with an average molecular mass of 48000 (g/ mol), a slightly different equation was derived:
V, = 9.929 + 0.04875 log Z (4)
These two expressions were validated with a GOF and an LOF test. The results of these tests are given in Table V . From eqns. 3 and 4 it can be concluded that the temperature, pH and ionic strength of the eluent have almost no influence on the retention volume of the polysaccharide standards. Fig. 4 shows the retention volume of the polysaccharide standards as a function of the molecular mass of the polysaccharide standards. Under the assumption that the polysaccharide standard with an average molecular mass of 100000 g/mol is totally excluded from the pores of the stationary phase of the size-exclusion column, the measured values can be fitted with the following logarithmic function: log M, = -0.282V, + 7.209 (5)
TABLE V RESULTS OF THE VALIDATION OF THE RETENTION VOLUME EXPRESSION OF THE POLYSACCHARIDE STANDARDS WITH A GOODNESS OF FIT AND A LACK OF FIT TEST
Parameters defined as in Table III So far the results showed that the molecular size of heparins can be controlled by the composition of the mobile phase, while the retention volumes of polysaccharide standards are hardly influenced by the eluent composition. In principle, this observation offers the possibility of calculating the optimum composition of the eluent at which the retention volume of heparin samples approaches that of a polysaccharide standard with the same molecular mass.
Calculation of optimum ionic strength
Eqn. 5 expresses the relationship between the molecular mass and the retention volume of polysaccharide standards. In order to be able to calibrate the average molecular mass of heparin samples, the retention volume of a heparin standard of a certain average molecular mass should be the same as that of a polysaccharide with the same molecular mass under specific conditions. To determinate the molecular mass of heparin samples from eqn. 5, the optimum eluent composition must be calculated from eqns. 1 and 2, in order to manipulate the molecular sizes of the heparin compounds to values comparable to those of the polysaccharide standards. However, the error made by the interpolation should also be taken into account [18] . The results from these calculations are given in Table VI , where it can be seen that two different optimum values for the ionic strength of the eluent were obtained. We assume that this may be due to the different nature of the heparins. However, because the difference between the two optimum ionic strengths is small, the mildest separation condition (Z = 1.42) was selected for the calibration of the heparin samples.
At this calculated optimum ionic strength, the retention volume of the heparin standards can be measured, and the molecular masses of the heparin standards can be calculated from eqn. 5. The results are summarized in Table VII . As can be seen, this method provides a fairly good estimate of the molecular masses of the heparin standards. All the calculated molecular masses are slightly higher than the true values but especially for the higher molecular masses the difference between the true and calculated values is small.
With the help of the presented model, the molecular mass distribution of a commercially available heparin, Calparine, was calculated from a chromatogram of a Calparine. sample (Fig. 5) . The chromatogram was divided into slices, and for each slice the corresponding molecular mass was calculated using both the polysaccharide and the heparin calibration graph. 
CONCLUSIONS
It has been shown that by adjusting experimental parameters such as the pH, ionic strength and temperature of the eluent, the molecular masses of specific heparin samples can be calculated by applying other biopolymers, e.g., polysaccharides, as standards. An advantage of this approach is that these calibrations can be performed with commercially available standards, consisting of other chemical substances, when standards of the target compounds are not available. A satisfactory agreement in the molecular mass distribution of a Calparine sample was observed for both the calibration with polysaccharide standards and the calibration with heparin standards. However, it should be mentioned that, because of possible secondary separation mechanisms, the results presented in this study may only be valid for this size-exclusion column.
The use of chemometrics was found to be very helpful in setting up the experimental design and the calculation of the data. As a consequence, the effects of the different parameters could be investigated with a relatively small number of experiments. Applying chemometric techniques to the results also allowed the calculation of the influence of the separation variables and additionally the determination of the interaction effects of these variables.
The approach described here for measuring the molecular masses of heparin samples by applying standards of other chemical classes as standards may also be useful for other biopolymers.
